Vitrification by using two-step exposures to combined cryoprotective agents (CPAs) has become one of the most common methods for oocyte cryopreservation. By quantitatively examining the status of oocytes during CPA additions and dilutions, we can analyze the degree of the associated osmotic damages. The osmotic responses of mouse MII oocyte in the presence of the combined CPAs (ethylene glycol, EG, and dimethyl sulfoxide, DMSO) were recorded and analyzed. A two-parameter model was used in the curve-fitting calculation to determine the values of hydraulic conductivity (L p ) and permeability (P s ) to the combined CPAs at 258C and 378C. The effects of exposure durations and the exposure temperatures on the cryopreservation in terms of frozen-thawed cell survival rates and subsequent development were examined in a series of cryopreservation experiments. Mouse MII oocytes were exposed to pretreatment solution (PTS) and vitrification solution (VS) at specific temperatures. The PTS used in our experiment was 10% EG and 10% DMSO dissolved in modified PBS (mPBS), and the VS was EDFS30 (15% EG, 15% DMSO, 3 3 10 À3 M Ficoll, and 0.35 M sucrose in mPBS). The accumulative osmotic damage (AOD) and intracellular CPA concentrations were calculated under the different cryopreservation conditions, and for the first time, the quantitative interactions between survival rates, subsequent development rates, and values of AOD were investigated. assisted reproductive technology, fertilization, gamete biology, in vitro fertilization (IVF), oocyte development
INTRODUCTION
Oocyte cryopreservation has many applications in the areas of animal agriculture, biomedical research, human reproductive medicine, and biodiversity preservation [1] . Vitrification cryopreservation, using a combination of multiple cryoprotective agents (CPAs), such as a combination of ethylene glycol (EG) and dimethyl sulfoxide (DMSO), was used to cryopreserve embryos and oocytes of many species, including mice [2] , porcine [3, 4] , ovine [5] , bovine [6] , and humans [7] with varying success. Recently, its application to the preservation of human oocytes has progressed dramatically. However, it is still considered as an experimental procedure rather than an established clinical procedure because of concerns regarding its effectiveness, repeatability, and biocontainment.
It is a common practice to place oocytes into an equilibrium solution (ES), whose composition is similar to the vitrification solution (VS) but is less concentrated, prior to placement in the VS. The term ES is misleading because some protocols dictate relatively brief exposure in this step during which oocytes might not necessarily reach an equilibrium status in terms of oocyte volume changes and intracellular CPA concentration changes. In this study, we propose using the term pretreatment solution (PTS) instead of ES. In addition, currently, there is no universal oocyte vitrification protocol. As such, different protocols use different ways to load CPA into the oocytes during the process of CPA addition. Some are time-specific, requiring a given treatment duration in PTS and a given exposure time in VS before plunging the oocytes into liquid nitrogen; some demand observing an oocyte volume response in the PTS; some require that the processes of pretreatment and final exposure be conducted at room temperature (RT); and some are conducted at 378C. These empirically derived protocols for oocyte cryopreservation can likely be improved [8] .
Optimization of cryopreservation procedures can be pursued by a wholly empirical approach or by using fundamental cryobiology theory and mathematical simulations [9, 10] , which requires knowledge of the biophysical parameters of the oocytes and also of the effects of osmotic stress (both magnitude and duration) on the developmental potential of oocytes. In the context of optimization of cryopreservation procedures for vitrification in the presence of combined CPAs, one goal is to determine the best combination of the exposure times in PTS and VS at a specific temperature. Sometimes the optimal conditions might not be readily determined because of the lack of or limited information regarding crucial parameters in the actual experiment conditions. However, a theoretical examination of the cellular status during the processes of vitrification procedures could provide us with information to estimate possible damaging mechanisms or conditions that might lead to suboptimal cell survival.
During oocyte vitrification cryopreservation, osmotic damage, chemical toxicity, and the formation of intracellular ice crystals could result in a reduction of oocyte viability if the procedures are not optimally designed, causing irreversible plasma membrane damage and/or disruption of organelles [11] [12] [13] [14] [15] . In principle, osmotic damage is associated with the magnitude of volume excursion, exposure duration, and temperature experienced during CPA addition and removal. Liu et al. [8] proposed a new model to quantitatively calculate the accumulative osmotic damage (AOD) associated with the addition and dilution processes. The incidence of intracellular ice formation is dictated by the actual total intracellular CPA concentration at the moment of cooling to cryogenic temperatures for the given preservation configurations. Quantitative examination of the AOD values and intracellular CPA concentrations associated with the procedures could provide us with crucial information regarding the outcome of vitrification cryopreservation.
The objective of the current study is to experimentally determine the osmotic characteristics of MII oocytes such as oocyte membrane permeability parameters (L p and P s ) to combined CPAs at two different concentrations (10% EG þ 10% DMSO vs. 15% EG þ 15% DMSO) and at two temperatures, 258C and 378C. These parameters are required in the investigation of the mouse MII oocyte volume responses during the CPA addition procedures and are used to calculate the values of AOD and intracellular CPA concentration associated with the addition and dilution processes. The effect of exposure times to PTS and VS on oocyte viability is evaluated by analyzing the survival and subsequent development rates of oocytes not exposed to vitrification processes. The correlation of these survival rates and the values of AOD are investigated, and the same analysis is conducted on vitrified oocytes.
MATERIALS AND METHODS

Reagents
All the chemicals and media were obtained from Sigma-Aldrich unless otherwise stated.
Source of Mouse Oocytes
Kunming mice (closed colony; Academy of Military Medical Science, Beijing, China) were maintained at ;208C-228C under a 14L:10D schedule (lights-on 0600 to 2000 h). Female mice 6 to ;8 wk of age were induced to superovulation by intraperitoneal injection of 10 IU (international units) of equine chronic gonadotropin (Ningbo Hormone Products Co.) followed by a second injection of 10 IU human chorionic gonadotropin (hCG; Ningbo Hormone Products Co.) 48 h later. Approximately 14-16 h post-hCG injection, the cumulus-oocyte complexes (COCs) were collected from oviducts in prewarmed (378C) modified PBS (mPBS; 1 g/L glucose and 0.036 g/L sodium pyruvate in PBS) that was supplemented with 3 mg/ml bovine serum albumin (BSA) (albumin fraction V powder; Roche Diagnostics GmbH), resulting in a medium that was 290 mOsm. Cumulus cells were removed by repeatedly pipetting the COCs in 300 units/ml hyaluronidase in mPBS. Only matured MII oocytes with visible polar bodies were used in the experiments. All the protocols concerning the handing of mice were in according with the requirements of the Institutional Animal Care and Use Committee at China Agricultural University.
Oocyte Perfusion and Data Collection
In this study, all the experiments were performed on a Kitazato microwarm plate (Olympus, Japan) set at 258C or 378C. Sudden exposure of oocytes to hypertonic sucrose solutions or combined cryoprotective agents was performed using an approach similar to that described by Pedro et al. [16] . The initial conditions for all the experiments were established by exposure of the oocytes to mPBS solution with an isotonic osmolality (290 mOsm). To determine the values of L p and P s , the oocytes were suddenly exposed to 10% EG þ 10% DMSO (EG and DMSO were both diluted to 10% (v/v) in mPBS medium containing 3 mg/ml BSA) or 15% EG þ 15% DMSO (EG and DMSO were both diluted to 15% (v/v) in mPBS medium containing 3 mg/ml BSA).
Briefly, a 60-mm Petri dish containing a 100-ll drop of isotonic mPBS and a 100-ll drop of anisotonic solution (one of the combined CPAs) covered with mineral oil was prepared. These were then placed on the stage at the controlled temperature (258C or 378C) of an inverted Olympus IX 70 microscope under 400 3 magnification. First, the oocyte in the drop of isotonic mPBS solution was immobilized at the tip of a holding pipette, and at that moment, an image of the oocyte was recorded by a Leica DFC 300 to establish the initial cell size. Secondly, the oocyte on the tip of the holding pipette was covered by a covering pipette with an inner diameter of !200 lm. Then the whole system (the pipette-oocyte-covering pipette) was moved from the mPBS drop to the drop containing either sucrose solution or one of the combined CPAs. Finally, the oocyte was suddenly exposed to the hypertonic solution by quickly separating the holding pipette and covering pipette. The oocyte remained attached to the tip of the holding pipette during the whole process. Volumetric responses of oocytes to the hypertonic solutions were recorded using a video camera mounted on the microscope. For the measurement of V b , the exposure time lasted for 10 min. For the determination of L p and P s , the images were captured from recorded video at 2-sec intervals during the first 2 min of exposure to the combined CPAs and subsequently at 10-sec intervals or longer. The image data were transferred to a personal computer and analyzed by customized image analysis software. Only oocytes that remained spherical in shape throughout the shrinkage and/or reexpansion were used in the data analysis. The radius was calculated from the average value through measuring horizontal and vertical diameter of the cell by image analysis software, and surface area (A) and isotonic volume (V iso ) values were calculated assuming spherical geometry. The calibration factor was determined by the measurement of a cover of a Malker chamber with grids of 0.1 mm 3 0.1 mm under the same measurement configuration.
Determination of Boyle-van't Hoff Relationship
Mouse MII oocytes were first put into mPBS and then exposed to 285, 503, 742, 985, 1231, and 1555 mOsm/kg solutions prepared by adding sucrose to 13 mPBS. The equilibrated volumes of the oocytes in these solutions are described by the Boyle-van't Hoff equation:
where V eq is the equilibrated oocyte volume at osmolality M e n ; V iso is the oocyte volume in isotonic solution (M iso ), and V b is the osmotically inactive volume (see Table 1 for an explanation and definition of the terms). Equilibrated end point volumes were normalized to their respective isotonic values and then plotted versus the reciprocal of normalized osmolality (Boyle-van't Hoff plot). Linear regression was performed to fit the Boyle-van't Hoff equation to the data. The V bp , defined as the percentage of osmotically inactive oocyte volume V bp ¼ V b /V iso , was determined using the y-intercept of the regression line.
Determination of Membrane Permeability Parameters (L p and P s )
For this study, we used a two-parameter model to describe the passive coupled membrane transport dynamics [17] . This model uses a pair of coupled differential equations to describe the change in cell volume (dV c /dt) and moles of intracellular permeating solute (dN i s =dt) when the cell is exposed to a ternary solution consisting of a permeable solute (CPA), an impermeable solute (NaCl), and solvent (water). In this study, we assumed that the combination of EG and DMSO acts as an ideal single CPA with the molecular weight and partial molar volume being the average value for the individual compounds.
where V c is the mouse oocyte volume and N i s is the number of moles of CPA that has permeated the oocyte.
A fixed value for V bp , determined independently from the Boyle van't Hoff plot, was used in the fitting calculation to determine the values of L p and P s . As explicitly shown by the terms in Equations (2) and (3), several assumptions were used as commonly employed in previous cryobiology studies: 1) the extracellular space is assumed to be infinite; 2) the surface area of the cell is changing as the volume changes assuming a spherical geometry; and 3) the intracellular and extracellular solutions are assumed to be ideal and dilute. We also assumed that the osmotic coefficients for the solutes were equal to 1, such that molalities and osmolalities are equivalent and the additivity of solute osmolalities are linear. The various constants and parameters appearing in the equations are listed in [2] . Groups of oocytes were placed in PTS for a constant duration (t1) and then placed in VS for various durations (t2). Other groups of oocytes were placed in PTS for various durations and then placed in VS for a constant duration. The experiments were performed on a hot plate (Wenesco, Inc.) set at 258C or 378C. For CPA dilution, the oocytes were placed into a solution of 0.5 M sucrose dissolved in mPBS and kept for 5 min at 378C. The recovered oocytes were washed three times in mPBS and evaluated under a stereomicroscope for survival. In addition, oocytes with normal morphology were cultured in human tubal fluid (HTF) medium in an incubator (378C, 5% CO 2 in air) for in vitro fertilization (IVF). These oocytes were placed into a 70-ll drop of HTF medium supplemented with 4 mg/ml BSA. A small amount of capacitated sperm from Kunming mice, which had been incubated for ;1-1.5 h in HTF medium supplemented with 4 mg/ml BSA at 378C, was added to yield a final sperm concentration of ;2 3 10 6 cells/ml. The mixture was incubated at 378C in an atmosphere of 5% CO 2 in air for ;4-6 h. Oocytes were then washed in HTF medium and transferred into 70-ll drops of HTF medium under mineral oil. The rates of cleavage and blastocyst were recorded separately 24 and 96 h after fertilization.
Oocyte vitrification experiments were conducted by the open-pulled straw method (OPS) [18] . OPSs with an outer diameter of 0.2 mm and an inner diameter of 0.15 mm were pulled by a 0.25-ml plastic straw (I.M.V.) [18] . In these cryopreservation experiments, the temperatures and the exposure durations in PTS and VS were the same as those used in the nonvitrification experiments. The same IVF procedure, culture conditions, and development rate calculations were performed for the vitrified oocytes.
Calculation of the AOD
A recently developed model calculates the AOD caused by volume excursion as described by the following equation:
The integration is calculated over the whole duration of the procedure. This model enables us to systematically investigate osmotic damage associated with the addition and dilution processes. Using computer modeling, AOD values can be calculated for all the vitrification experiments with different exposure durations in PTS (10% EG þ 10% DMSO) and in VS (EDFS30). Linear regression analysis was performed to examine the correlation between the oocyte viability in term of survival and these AOD values, with the expectation being that the nature of the damage in different procedure steps can be identified.
Calculation of the Intracellular CPA Concentrations
The actual values of the intracellular CPA concentrations are crucial for the process of vitrification. Under the specific experimental conditions (such as when using OPS as the oocyte container), it is critical that the magnitude of the intracellular CPA concentration be known accurately in order to vitrify successfully.
CPA addition is a kinetic process where the CPAs and water move across the oocyte membrane, and is determined by intrinsic membrane permeability and external conditions, such as the loading CPA concentration, duration of the addition, and temperature. Optimal CPA addition demands that the intracellular CPA concentration reaches a critical concentration while minimizing the associated osmotic damage.
Intracellular CPA concentration can be calculated by solving Equations (2) and (3). The calculations provide us with crucial information regarding the processes of CPA addition and dilution, allowing us to achieve high survival rates after cryopreservation.
Statistical Analysis
Each experiment was repeated at least three times. The percentage data were subjected to arcsine transformation prior to statistical analysis. The data were analyzed by one-way ANOVA combined with a least significant difference test using SPSS 17.0 (SPSS, Inc.). A P value of 0.05 was considered significant.
RESULTS
Osmotic Characteristics of Mouse Oocytes and Membrane Permeability Parameters (L p and P s )
The radius of mouse oocytes in an isotonic solution was determined to be 36.25 6 1.13 lm (n ¼ 63; mean 6 SD). The mouse oocyte exhibited an ideal osmotic response when its volume was analyzed using the Boyle-van't Hoff relationship in the range from 290 to 1555 mOsm. The osmotically inactive volume (V b ) was determined to be 23% of the isotonic value with r 2 ¼ 0.997. A total of 60 oocytes were randomly exposed to 10% EG þ 10% DMSO and 15% EG þ 15% DMSO. They shrank due to the efflux of water and then swelled due to influxes of water and the CPAs, as dictated by the value of the permeability parameters L p and P s described in Equations (2) and (3). The curve-fitting method (Fig. 1 ) was used to determine the values of L p and P s (listed in Table 2 ). The values of L p or P s were significantly increased as the temperature rose from 258C to 378C. In addition, there were significant differences between the values of L p and P s at the two different CPA concentration À3 cmÁmin À1 at 378C; P , 0.05 for differences at the two temperatures for the same variable).
The Effect of Temperature and Exposure Duration on the Development of Oocyte Without Vitrification
In these experiments, the oocytes were not subjected to the vitrification process. Groups of oocytes were placed in PTS for duration t1 and then placed in VS for duration t2 as shown in Tables 3 and 4 . Oocytes with normal morphology after CPA dilution in 0.5 M sucrose for 5 min and five washes in mPBS were used to record their survival rates as well as subsequent IVF and culture characteristics. Cleavage embryos at the 2-cell and blastocyst stages were recorded separately at 24 and 96 h after IVF. The survival rates and subsequent development characteristics are listed in Tables 3 and 4 for results at 258C and 378C, respectively, where the number of oocytes was used as the denominator in the calculations.
The blastocyst development rates were plotted in Figure 2 . This figure was plotted in such a way that the various durations in one solution were used as the x-axis variable for the corresponding fixed duration in another solution as indicated in the figure legends. Tables 3 and 4 show that there were a total of 34 experimental conditions. In most cases, the blastocyst rates decreased as the durations increased, as shown by the hollow circles and triangles in Figure 2 . One exception was observed for the condition where the oocytes were exposed to VS directly without exposure to PTS (t1 ¼ 0) at 258C.
The Effect of Temperature and Exposure Duration on the Development of the Vitrified Oocyte
Oocyte vitrification experiments were conducted by the OPS method. In these vitrification experiments, the same temperatures and PTS and VS exposure times were used as in the experiments without vitrification. In addition, the same IVF procedure, culture conditions, and development rate calculations were utilized for the vitrified oocytes. The survival rates and development for vitrified oocytes are listed in Tables 3 and  4 for the results at 258C and 378C, respectively, and the blastocyst rates are plotted by the solid circles and triangles in Figure 2 .
In the extreme cases where the exposure to VS were omitted (t2 ¼ 0), the vitrified oocytes did not survive. When the exposure to PTS was omitted, the vitrified oocytes had relatively low survival and blastocyst rates. As the durations increased, the blastocyst rates increased until maximum rates were reached, after which the rates decreased as the durations increased, forming inverted U-shape curves as seen in Figure 2 . The results in Table 3 and Table 4 show that the 24-sec duration exposure to PTS followed by 80-sec duration exposure to VS gave the best blastocyst rate (60.3% 6 1.4%) among the various groups at 258C; and 15-sec duration exposure to PTS followed by 45-sec duration exposure to VS gave the best blastocyst rate (64.3% 6 5.8%) among the various groups at 378C.
AOD Values and Intracellular CPA Concentrations for All the Cryopreservation Experiments
For the 34 experimental conditions listed in Tables 3 and 4 , we simulated the volume changes for mouse oocytes during the process of CPA exposures and dilution in the presence of sucrose using the experimentally determined permeability coefficients in Equations (2) and (3) (Fig. 3) . We calculated the values of AODs associated with these CPA additions and dilutions using Equation (4). The AOD values are presented in Table 5 with the order of the temperatures and exposure durations being identical to those listed in Tables 3 and 4 . The corresponding blastocyst development rates were plotted in relation to the AODs. A linear regression analysis suggested a strong correlation between the blastocyst rates and the values of AOD at 258C (r 2 ¼ 0.907, Fig. 4A ) and 378C (r 2 ¼ 0.948, Fig. 4B ) for mouse oocytes that experienced CPA exposures and dilutions without vitrification. For vitrified oocytes, the same regression analysis was performed. However, the results suggested very poor correlation between the blastocyst rates and the values of AOD at 258C (r 2 ¼ 0.012, Fig. 5A ) and 378C (r 2 ¼ 0.152, Fig. 5B ). In these AOD calculations, the final washing step after CPA dilution was omitted because all the washing steps contributed the same AOD value.
The effects of different temperature and exposure times on the oocyte intracellular CPA concentrations are presented in Table 6 . For these 34 experimental conditions, the intracellular CPA concentrations at the end of the VS exposure increased as the exposure times increased. 
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DISCUSSION
Mouse Oocyte Osmotic Characteristics and Membrane Permeability Parameters
We determined a mean normalized osmotic inactive volume (V b ) value of 23% (r 2 ¼ 0.997). This mean value is similar to the result reported for mouse oocytes (0.22) [19] as well as hamster oocyte (0.216) [20] , MII bovine oocyte (0.21) [21] , and MII human oocyte (0.19) [22] .
It is important to understand cell membrane permeability characteristics to combined CPAs when examining the vitrification protocols from a theoretical analytic point of view. With the increase of temperature from 258C to 378C, the L p value estimated for mouse MII oocytes exposed to 10% EG þ 10% DMSO or to 15% EG þ 15% DMSO increased approximately 2-fold (0.43 vs. 0.76 lmÁmin À1 Áatm À1 ; 0.32 vs. 0.70 lmÁmin À1 Áatm À1 ). This change of L p with temperature in the mixture of EG and DMSO is similar to that observed in either DMSO [8] or EG [23] alone.
At equivalent temperatures, the value of L p was reduced significantly by the increase in combined CPA concentrations (10% EG þ 10% DMSO vs. 15% EG þ 15% DMSO: 0.43 vs. 0.32 lmÁmin À1 at 258C and 0.76 vs. 0.70 lmÁmin À1 at 378C; P , 0.05) ( Table 2) . A similar phenomenon was also observed in human erythrocytes [24, 25] , human lung fibroblasts [26] , and boar spermatozoa [27] , which determined L p values of a single CPA. In contrast, Paff et al. [28] found that the L p value for murine oocytes and embryos was increased in the presence of DMSO. Similar results had been observed in a study of the membrane permeability of rhesus monkey oocytes exposed to DMSO [29] . Thus, it remained a matter of debate as to whether the presence of CPAs in some way changes the structural components of the oocyte membrane to affect water transport [23] .
Solute permeability (P s ) estimated for mouse MII oocytes increased almost 2-fold with the increase from 258C to 378C (10% EG þ 10% DMSO: 1.02 vs. 2.23 3 10 À3 cmÁmin À1 ; 15% EG þ 15% DMSO: 1.14 vs. 2.28 3 10 À3 cmÁmin À1 ). This change with temperature in the EG and DMSO mixture was almost similar to that observed in either DMSO [8] or EG [23] alone. At a constant temperature, when a DMSO concentration with a higher P s value than that seen with EG (1.69 3 10 À3 cmÁmin À1 vs. 0.85 3 10 À3 cmÁmin À1 at 258C) [8] was added into a solution containing EG-somewhat akin to the 10% EG þ 10% DMSO and 15% EG þ 15% DMSO mixtures used in this study-their P s values were increased, which is consistent with the result of the study on osmotic and cryoprotective effects of a mixture of DMSO and EG on rabbit morulae by Vicente et al. [30] . In the present study, at a constant temperature, the P s value of mouse mature oocyte exposed to 10% EG þ 10% DMSO was significantly different from that of 15% EG þ 15% DMSO (1.02 vs. 1.14 cmÁmin À1 at 258C; 2.23 vs. 2.28 cmÁmin À1 at 378C; P , 0.05).
Effects of the Exposure Duration to the Combined CPAs on Oocyte Vitrification Cryopreservation
Although there have been several reports of successful cryopreservation of mouse oocytes, the survival and fertilization rates have varied. Men et al. [31] found that Kunming mouse oocytes can be successfully cryopreserved using vitrification, with the CPA containing both permeating and nonpermeating cryoprotectants. The survival rate was significantly lower for the CPA mixtures than for fresh oocytes (65.9% vs. 100%; P , 0.05), but the results of IVF was similar for the CPA mixtures and fresh oocytes (73.9% vs. 77.5%; P . 0.05). Chen et al. [32] found that OPS vitrification of oocytes achieved more rapid cooling, warming, and dilution while reducing spindle injury. However, the low survival rate (62%) in OPS needed to be improved. Meng et al. [33] designed a protocol using EDFS30 [34] as VS to vitrify mouse oocytes. Their results showed that the survival rate of the vitrified oocytes improved to 81%, which was greater than that of Chen [32] . There were several reasons for this improvement: 1) the combination of EG and DMSO has a better glass-formation characteristic [35] and higher permeability [36] than EG alone, and 2) the OPS wall was much thinner than that of Chen et al. (0.025 mm vs. 0.07 mm) and the inner diameter of the tip was also smaller than that of Chen et al. (0.15 mm vs. 0.8 mm), which made the sample volumes much smaller, resulting in higher cooling and warming rates and a higher tendency of glass formation. In the current study, we used an equivalent loading vehicle (OPS) but different exposure times (80 sec vs. 25 sec) in EDFS30 to vitrify the mouse oocytes; the rates of survival (94.3% vs. 86.1%), fertilization (75.0% vs. 45.0%), and blastocyst formation (60.3% vs. 29.6%) were all higher than those seen by Meng et al. [33] . Bos-Mikich et al. [37] conducted a study of mature mouse oocytes vitrified in conventional straws using 6 M dimethyl sulfoxide (VS). Their results showed that the rates of in vitro fertilization of vitrified (85%) and control oocytes (92%) did not differ significantly provided that the time of exposure to the cryoprotectant was carefully controlled. These results collectively suggest that exposure time in CPA solutions has a significant effect on oocyte vitrification.
In the current study, we tried to use a recently developed model to quantitatively investigate osmotic damage associated with the processes of CPA addition and dilution. This model calculates the integration of the relative volume excursion over the whole duration of the procedure. The integration value is defined as the AOD because the osmotic damage is always associated with volume excursion. The integration, mathematically equivalent to summation, accumulates the absolute value of the relative volume excursion at every moment for the underlying procedure.
We calculated the AOD values for 34 experimental conditions listed in Tables 3 and 4 . We first assessed the correlation between the blastocyst rate and the associated AOD for mouse oocytes that only experienced CPA addition and dilution procedures without vitrification. The linear regression analysis indicated very strong correlations with r 2 ¼ 0.907 at 258C and r 2 ¼ 0.948 at 378C (Fig. 4) . The regression results suggested that the higher blastocyst rates were associated with reduced AODs.
When the blastocyst rate data points at 258C and 378C were plotted together in one figure, two distinguishable regression lines emerged for the two temperatures (Fig. 6) . The line associated with 258C had a smaller slope than that seen with 378C, indicating reduced AODs in blastocyst development for mouse oocytes at 258C than at 378C. This suggests that it would be preferable to conduct the PTS and VS steps at 258C for mouse oocytes.
When investigating the blastocyst rates of vitrified oocytes, there was an inverted U shape of survival for different exposure durations (Fig. 2) . For vitrified oocytes, the same regression analysis was performed. However, the results revealed very poor correlations between blastocyst rates and the values of AOD at 258C (r 2 ¼ 0.012, Fig. 5A ) and 378C (r 2 ¼ 0.152, Fig.  5B ), suggesting that the dominant damage mechanism is not correlated only to AOD.
Theoretically, longer exposure times in the PTS and VS steps would lead to higher intracellular CPA concentrations, increasing the likelihood of vitrification by the mouse oocyte. Table 5 . Conversely, shorter exposure times in PTS and VS would lead to lower intracellular CPA concentrations, increasing the likelihood of damage from ice formation as a result of insufficient vitrification, even though this would result in smaller AOD values (Table 5 ). In some extreme cases, the survival rates were all 0% when oocytes were exposed to VS for 0 sec at 258C and 378C. We would interpret this severe damage as being caused by intracellular ice formation due to insufficient vitrification, considering that the CPA concentration was about 2.53 molal at the moment prior to the vitrification procedure for these cases (Table 6 ). In this table, the CPA concentrations for the short exposure cases were lower than those of the best cases. The differences were small, but they might account for the significant different in vitrification survival. Baudot and Odagescu [38] found that the critical cooling rate increased 5-fold when EG concentration changed from 43% to 40% while the critical warming rate increased 380-fold. This sensitive relationship between the cooling/warming rates and the concentrations would suggest a sensitive requirement on the concentration for a given cooling/ warming rate. It is widely accepted that the intracellular solute concentration has to reach or surpass a critical concentration for a cell to vitrify. The critical concentration is dependent on the specification of the associated cooling method and on the concentrations of other intracellular components (such as macromolecules and salts) and their effects on the vitrifiability and glass stability, the discussion of which for OPSs and mouse MII oocyte is beyond the scope of this manuscript. In many of the cases shown in Tables 3 and 4 (also in Fig.  2 ), the blastocyst rates for vitrified oocytes were not significantly different from those for oocytes without vitrification, especially for the cases where the exposure times in PTS and VS had reached levels that probably enabled the intracellular solute concentration to reach or surpass the critical concentration. For these cases, the vitrification procedure alone seemed not to introduce any further damage to the mouse oocytes. When we recalculated the correlation between the blastocyst rates for vitrified oocytes and the associated AOD values by using a linear regression analysis for these cases, we obtained results that suggested fairly strong correlations between these two data sets at 258C (r 2 ¼ 0.717, Fig. 7A ) and 378C (r 2 ¼ 0.873, Fig. 7B ). These regression results indicated that the higher blastocyst rates were associated with less AODs if we excluded the cases where the dominant damage mechanism was caused by intracellular ice formation due to insufficient vitrification.
The final cellular status (oocyte volume and intracellular solute concentration and composition) at the point prior to plunging into liquid nitrogen depended on the history of the CPA addition and temperature. Exposure duration in PTS (t1) and in VS (t2) affected the final status collectively, so the 
QUANTITATIVE INVESTIGATION ON OOCYTE VITRIFICATION
selection of t1 and t2 was not independent. The best selection would allow an oocyte to reach the required critical concentration while minimizing the AOD. For mouse MII oocyte, we would suggest that t1 ¼ 24 sec in PTS and 80 sec in VS at 258C. Many commercial protocols suggest a t2 duration of 60 to ;90 sec, although caution should be exercised when considering different species and cell stages.
In a typical simulated volume versus time plot of cellular volume change during the process of CPA addition and dilution (e.g., Fig. 3 ), the resulting AOD would be proportional to the area of the curves between the volume line and isotonic volume line. This provides a way to visually estimate the magnitude of the AOD. Comparing the AOD values contributed from the first step (in PTS) plus second step (in VS) to the value contributed from the CPA dilution step, we can see that the AOD from the CPA dilution step was much greater than that of the addition steps in most of the cases. This was perhaps more evident at 378C when permeability was higher and the water and CPA moved more quickly across the membrane. This fast efflux of the intracellular CPA and completion of CPA dilution were evident in the plot in the equilibrium oocyte volume level, which happened before the end of the dilution step. Shortening the dilution procedure would be preferable so that the AOD value would be minimized. More research should be focused on this aspect as suggested by other researchers [39] .
The current research represented our attempt to use quantitative methods to investigate on the effects of exposure (4) . All the plotted points at the same temperature (258C in A and 378C in B) were used in the linear regression analysis although they were plotted with different symbols for different groups as indicated in the legend. Some cases were omitted in these plots as a result of a different damaging mechanism.
892 times in PTS and VS on oocyte vitrification cryopreservation. Specifically, we calculated the value of AOD and examined the correlation between the AOD values and blastocyst development rate of mouse oocytes with or without vitrification treatment. We could not focus on CPA toxicity because our experiments were not designed to investigate the toxicity. We speculate that the toxicity damage in our cases could be minimal considering the short exposure times to the PTS and VS. In addition, the AOD model has its own inadequacy for it did not consider the severity of absolute volume excursion and volume change rates, which usually happened when oocytes were exposed to VS directly without prior exposure to PTS; these factors were considered in other previous investigations [40, 41] . These could be the reason for the exception we observed in our experiment when t1 ¼ 0 at 258C. Another uncertainty in our study was related to the possible effect of viscosity caused by the usage of Ficoll in VS on oocyte permeability. Our simulation results indicated that there were about 2% changes in the calculated intracellular concentration if a 50% reduction of L p and P s values were assumed at 258C. However, it is not exactly clear how viscosity affects permeability and the nature of its consequences at low temperature.
In conclusion, the current study determined Kunming mouse mature oocyte osmotic characteristics and membrane permeability to combined CPAs (mixtures of EG and DMSO). The effects of different temperatures and exposure durations on oocyte survival rate and subsequent blastocyst development rates were quantitatively evaluated in the form of intracellular CPA concentration and AOD determinations. Our investigation indicates that the oocyte blastocyst rates are highly correlated to the values of AODs in the CPA addition and dilution processes as well as the addition temperature. The blastocyst rates appear more sensitive to the values of AOD at 378C than those at 258C, as reflected by the higher slope of the regression line in Figure 6 . This finding suggests that conducting the PTS and VS steps at 258C would be preferable in mouse oocyte vitrification cryopreservation because the blastocyst rate would tolerate greater AOD variation at this temperature.
Many researchers when investigating CPA addition have emphasized the number of steps, concentration and duration for each of the steps, and temperatures. However, our current investigation indicates that the portion of AOD for the dilution step dominates the total AOD. This finding would suggest a greater emphasis should be placed on the final CPA dilution process.
